WNTs comprise a family of secreted glycoproteins that are essential for normal embryonic development of the female reproductive system. The functional role that WNTs play in the postnatal ovary is poorly defined. We have shown previously that Wnt2 and Fzd4 mRNAs are expressed in granulosa cells of the postnatal rat ovary. Here we examine the effects of Wnt2 overexpression in a rat granulosa cell line (DC3) that displays characteristics of granulosa cells at an early stage of follicular development. We show that DC3 cells express a 7.7-kb Fzd4 mRNA transcript similar in size to that detected in the rat and human ovary. Our results demonstrate that Wnt2 overexpression in DC3 promotes cytosolic and nuclear accumulation of betacatenin (CTNNB1), but does not stimulate CTNNB1/TCFdependent (pGL3-OT) transcriptional activity. We show that chibby (CBY1), a nuclear CTNNB1-associated antagonist of the WNT pathway, is expressed in DC3 cells and associates with CTNNB1 in the presence and absence of Wnt2 overexpression, suggesting that Cby1 contributes to suppression of CTNNB1/ TCF-dependent transcription in these cells. Our results show that Wnt2 overexpression in DC3 cells increases follistatin (Fst) mRNA expression and promotes resistance to activin-induced cell deletion. Taken together, our results suggest that WNT2 opposes activin activity in granulosa cells by up-regulating expression of the activin antagonist Fst in a CTNNB1/TCFindependent manner, and that rat granulosa cells express factors, including Cby1, that suppress CTNNB1/TCF-dependent signal transduction in the presence of a WNT signal.
INTRODUCTION
Members of the WNT family of secreted glycoproteins play a fundamental role in vertebrate and invertebrate development [1, 2] . Gene knockout studies in mice have shown that several WNT ligands and their cognate frizzled (FZD) receptors are essential for normal embryonic development of the female reproductive system [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . WNT4 has been implicated in a variety of developmental processes, including Mullerian duct regression, sex-specific vasculature formation, and inhibition of steroidogenesis [5, 9] . WNT2 and WNT7B play critical roles in placental development [3, 10] . WNT7A maintains appropriate uterine patterning, and WNT5A is essential for the proper epithelial-mesenchymal interactions during development of the mouse female reproductive tract [6, 7] . Mice null for the Fzd4 receptor are infertile and exhibit impaired corpora lutea formation [4] ; Fzd5 null mice die in utero due to defects in yolk sac angiogenesis [8] , and Fzd1 null mice have multiple reproductive defects [12] . These studies underscore the importance of WNT expression and signaling during early (embryonic) development of the ovary and other female reproductive tissues.
WNT signaling is transduced through a variety of cell surface receptors that can activate several different intracellular signaling pathways in a cell type-and context-dependent manner [13] . The best-defined signaling mechanism involves wnt binding to a seven-pass transmembrane FZD receptor together with the single-pass transmembrane lipoprotein receptor-related protein-5/6 to activate the wnt canonical/ beta-catenin (CTNNB1) pathway [13] . In the absence of a WNT signal, CTNNB1 is phosphorylated at N-terminal serine/ threonine residues by glycogen synthase kinase (GSK)-3beta, within a multiprotein 'destruction complex' that includes disheveled, axin and adenomatous polyposis coli, which targets CTNNB1 for ubiquitination and degradation by the proteosome [14, 15] . WNT signaling leads to inhibition of GSK-3beta activity, resulting in cytosolic accumulation of CTNNB1 [13, 14] . CTNNB1 then enters the nucleus, where it interacts with members of the TCF/LEF family of transcription factors to activate specific gene expression [14] . A number of wnt target genes have been identified (http://www.stanford. edu/;rnusse/pathways/targets.html), including follistatin (FST), which is expressed in granulosa cells [16] .
Although the importance of WNTs in embryonic development of the female reproductive system has been established, their role in the postnatal ovary remains ill defined. We have shown previously that Wnt2 and Fzd4 mRNAs are expressed in granulosa cells of the rat ovary [17] . Hsieh et al. [18] have shown that Wnt2, -3A, -4, -5A, -7A, and Fzd1, -2, -3, and -4 are expressed in the mouse ovary. Wang et al. [19] reported that Wnt2, Fzd2, -3, and -9 are expressed in human cumulus granulosa cells. These observations suggest that WNTs are likely involved in regulating granulosa cell responses in the postnatal ovary.
Here we examine the effects of Wnt2 overexpression in a rat granulosa cell line (DC3) that display characteristics of granulosa cells at an early stage of follicular development [20] . We demonstrate that DC3 cells express a 7.7-kb Fzd4 mRNA transcript that is similar in size to that detected in the ovary of rats and humans [21] . Our results demonstrate that Wnt2 overexpression in DC3 cells promotes cytosolic and nuclear accumulation of CTNNB1, but does not stimulate CTNNB1/TCF-dependent (pGL3-OT) transcriptional activity. We show that chibby (CBY1), a nuclear CTNNB1-associated antagonist of the WNT pathway, is expressed in DC3 cells and associates with CTNNB1 in the presence and absence of Wnt2 overexpression, suggesting that CBY1 contributes to the suppression of CTNNB1/TCF-dependent transcription in granulosa cells. Our results also show that Wnt2 overexpression in DC3 cells is associated with an increase in Fst mRNA expression and resistance to activin-induced cell deletion. Taken together, our results suggest that WNT2 opposes activin activity in granulosa cells by increasing expression of the activin antagonist, FST, in a CTNNB1/TCF-independent manner, and that granulosa cells have mechanisms to suppress CTNNB1/TCF-dependent signal transduction in the presence of a WNT signal.
MATERIALS AND METHODS

Plasmids and Antibodies
The pUSEamp and pUSEampWNT-2HA plasmids were purchased from Upstate Biotechnology (Lake Placid, NY). The pCMVbeta-galactosidase was purchased from Promega Corporation (Madison, WI). The pCDNA3-betacateninS37A (CTNNB1-S37A) plasmid was a gift from Dr. Steven Byers (Georgetown University, Washington, DC). This plasmid encodes CTNNB1 containing a serine to alanine mutation at position 37 that renders the site resistant to GSK-3beta phosphorylation [22] . The pGL3-OT vector containing three tandem TCF-binding sites (CCTTTATC) and pGL3-OF containing three mutated TCF-binding sites (CCTTTGCC) are improved versions of the original TCF4 reporters TOPFLASH and FOPFLASH, respectively [23, 24] , and were provided by Dr. Bert Vogelstein (Johns Hopkins Oncology Center, Baltimore, MD). Dr. Roel Nusse (Stanford University, Palo Alto, CA) provided a pV101-WNT1 plasmid. Wnt1 was excised from pV101 by EcoR1 digestion and subcloned into the EcoRI site of pUSEamp to generate pUSEampWNT1. The correct orientation of the Wnt1 cDNA was confirmed by restriction mapping.
Monoclonal anti-HA antibody was purchased from Covance (Montreal, QC). Mouse monoclonal anti-CTNNB1 was purchased from BD Transduction Laboratories (Mississauga, ON). Mouse monoclonal anti-ABC, which recognizes the epitope HSGATTTAP at amino acid positions 36-44 of CTNNB1 only when Ser37 and Thr41 are not phosphorylated [25, 26] , was purchased from Upstate Biotechnology (Millipore). Anti-CBY1 antibody (rabbit polyclonal) was a gift from Dr. Randall Moon (University of Washington, Seattle, WA). Alkaline phosphatase-conjugated goat anti-mouse antiserum was purchased from Jackson ImmunoResearch Laboratories Inc. (Bar Harbor, ME).
Cell Culture
The SV40-transformed rat granulosa cell line (DC3) [20] and a human ovarian cancer cell line (CaOV3) were cultured in minimal essential medium (MEM); HEK293 cells were cultured in Dulbecco modified Eagle medium (Invitrogen, Carlsbad, CA). All media were supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (100 U/ml and 100 lg/ml, respectively). Wnt2-overexpressing DC3 cells were generated by transfection with pUSEampWNT-2HA using the transfection reagent Effectene (Qiagen, Mississauga, ON). Control DC3 cells were generated by transfecting with pUSEamp. Transfected cells were cultured in MEM/10% FBS in the presence of 800 lg/ml of G-418 (Geneticin; Invitrogen). Surviving cells were pooled and maintained in media containing 500 lg/ml of G-418. The stable transfectants are designated DC3wnt2 and DC3pUSE, respectively. All cells were maintained at 378C with 5% CO 2 and 100% humidity.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from cell lines and rat tissues using Trizol (Invitrogen). Rat ovary and lung express Wnt2 and Fzd4 [17] ; these tissues were used as a source of positive RNA. CaOV3 cells do not express Wnt2 or Fzd4 mRNA [17] , and were used as a negative control. Total RNA (1 lg) was reverse transcribed using random hexamers as primers and MMLV-reverse transcriptase (Invitrogen). PCR was performed on RT reactions using oligonucleotide primers for rat Wnt2, Fzd4, and hypoxanthine-gaunine phosphoribosyltransferase (HPRT), as described previously [17] and rat chibby-specific primers (forward, 5 0 -GAAGTGCCAGTGTCTCCTCA-3 0 and reverse, 5 0 -AGTCAAGACCCAGCTCCAGT-3 0 ; product size, 149 bp). PCR products were resolved by 1% agarose gel electrophoresis and visualized by ethidium bromide staining.
The authenticities of Wnt2 and Fzd4 PCR products were confirmed by hybridization to digoxygenin (DIG)-labeled Wnt2 or Fzd4 antisense riboprobes [17] . PCR products were transferred to Hybond-N þ membranes (Amersham Pharmacia Biotech, Inc., Baie d'Urfé, QC), and the membranes prehybridized at 508C for 4 h in 50% formamide, 53 saline-sodium citrate (SSC), 0.2% SDS, and 1% blocking reagent (Roche-Molecular Biochemicals, Laval, QC). DIGlabeled Wnt2 or Fzd4 riboprobes (100 ng/ml) were added to the hybridization solution. Hybridization, washing, and detection of hybridized probes were performed as described in the DIG System User's Guide (Roche-Molecular Biochemicals).
Real-time PCR was performed using iQ SYBR Green Supermix (Bio-Rad) with rat Fst-specific primers (forward primer, 5
0 -GCTGCTACTCTGCCAATT-CA-3 0 ; reverse primer, 5 0 -CCCGTTGAAAATCATCCACT-3 0 ) and Hprt as an internal control. Relative mRNA expression levels of Fst and Hprt were determined using the standard curve method [27] , and data are presented as fold change (mean 6 SD) in Fst/Hprt (P , 0.0001; n ¼ 5).
Northern Blot Analysis
Total RNA (5 lg) from each sample was resolved by formaldehyde-agarose gel electrophoresis and transferred to Hybond-N þ membranes. Following UV cross-linking, the membranes were prehybridized at 688C for 4 h in 50% formamide, 53 SSC, 1% blocking reagent. The prehybridization solution was replaced with fresh hybridization solution containing the DIG-labeled Fzd4 antisense riboprobe (100 ng/ml). Hybridization, washing, and detection of hybridized probes were performed as described above. The blot was stripped and reprobed with a DIG-labeled oligonucleotide probe for 18S RNA to estimate RNA loading.
Luciferase Assays
DC3 cells were seeded at 2.5 3 10 5 cells/well in six-well plates (Corning Inc.) and grown for 24 h. Transfections were performed using Effectene transfection reagent with 0.6 lg of pUSEampWNT-2HA, pUSEampWNT1, or pUSEamp (empty vector control), with 0.3 lg of pGL3-OT or pGL3-OF and 0.1 lg of pCMVbeta-galactosidase as an internal control for transfection efficiency. Alternative transfections were carried out with 0.3 lg of CTNNB1-S37A and 0.3 lg of pUSEampwnt-2HA or pUSEamp empty vector with the same amounts of pGL3-OT, pGL3-OF, and pCMVbeta-galactosidase as above. The total amount of DNA transfected was brought up to 1 lg using pUSEamp as filler DNA. The media were aspirated after 24 h and replaced with fresh media containing 0-20 mM of sodium or lithium chloride. The cells were incubated for an additional 24 h, after which the cell lysates were prepared and analyzed for luciferase and b-galactosidase activity using a Luciferase and Beta-Galactosidase Enzyme Assay System (Promega Corporation). Luciferase activity was normalized to beta-galactosidase activity and results are presented as the mean 6 SEM normalized luciferase activity or fold increase in normalized luciferase activity.
SDS-PAGE and Western Blotting
Total cell lysates. Subconfluent cell cultures were rinsed twice with cold PBS and total cell lysates were prepared in radioimmunoprecipitation assay buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.5) [28] containing aprotinin (30 lg/ml), PMSF (10 lg/ml), and sodium orthovanadate (1 mM). The samples were sonicated twice for 10 sec at 5 watts (Vibra Cell; Sonics and Materials Inc., Danbury, CT) and centrifuged at 48C for 10 min at 10 000 3 g [29] . The supernatants were recovered and protein concentrations determined using the Lowry method, as described previously [30] .
Cytosolic fractions. Cytosolic fractions were prepared according to the method of Shimizu et al. [31] . Subconfluent cell cultures were washed twice in cold Tris-buffered saline (TBS; 10 mM Tris-HCl [pH 7.4], 140 mM NaCl) containing 2 mM CaCl 2 . Cells were harvested by scraping in TBS containing 2 mM dithiothreitol and the protease/phosphatase inhibitors described above. Crude homogenates were prepared using a dounce homogenizer and centrifuged at 500 3 g for 10 min to remove cellular debris. The supernatants were recovered and centrifuged at 48C for 90 min at 100 000 3 g. The supernatants were recovered and protein concentrations determined as described above.
Total cell lysates and cytosolic fractions containing equivalent amounts of protein were diluted 1:5 with 53 Laemmli sample buffer [28] and boiled for 5 min. Aliquots (10-20 lg protein) were resolved by SDS-PAGE and transferred to PVDF membranes (Bio/Can Scientific Inc., Mississauga, ON). Membranes were washed with TBS containing 0.1% Tween-20 (TBST) and blocked in TBST containing 1% blocking reagent (Roche Molecular Biochemicals).
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Membranes were incubated with primary antibodies at a 1:1000 dilution in blocking solution overnight at 48C and then incubated for 1 h at room temperature with a 1:2500 dilution of alkaline phosphatase-conjugated goat anti-mouse antibody. Immunoreactive bands were detected using a chemiluminescent alkaline phosphatase substrate (CSPD; Roche Molecular Biochemical).
Coimmunoprecipitation
Cell lysates prepared from DC3wnt2, DC3pUSE, or DC3 parental cells were immunoprecipitated using anti-CTNNB1 or anti-CBY1 antibodies. The immune complexes were analyzed by SDS-PAGE followed by Western blot using anti-CTNNB1 or anti-CBY1 antibodies. Immunoreactive bands were detected by chemiluminescence as described above.
Cell Viability (MTT) Assay
DC3wnt2 and DC3pUSE cells were incubated for 18 h in the presence and absence of 0.5 nM human recombinant activin (R&D Systems, Minneapolis, MN) under serum-free conditions. Cell viability was determined using an MTT assay according to manufacturers' instructions (Sigma-Aldrich, Oakville, ON).
Statistics
All experiments were performed at least twice with two or more replicates for each data point (except where indicated in the figure legends). Comparison within groups was made by one-way ANOVA. Identification of samples that differed significantly from one another was determined by Student t-test or in the case of multiple comparisons by the least significant test. A value of P , 0.05 was considered significant.
RESULTS
DC3 Cells Expressed Fzd4 but Not Wnt2 mRNA
We have previously shown that Wnt2 and Fzd4 mRNAs are expressed in vivo in granulosa cells of the rat ovary [17] . Here we examine the effects of Wnt2 overexpression on granulosa cell function in vitro using SV40-transformed rat granulosa cells (DC3 cells) [20] . We first sought to determine whether Wnt2 and/or Fzd4 mRNA were expressed in this cell line. RT-PCR analysis indicates that Wnt2 mRNA was not detected in total RNA extracted from DC3 cells (Fig. 1A, top panel, lane  1) . Wnt2 mRNA was detected, however, in rat ovary and lung, as shown previously [17] , but not in CAOV3 cells (Fig. 1A, top  panel, lanes 2, 3, and 4 , respectively). These Wnt2 PCR products transferred to a nylon membrane were detected with a DIG-labeled Wnt2 riboprobe, confirming their identity (Fig.  1A, second panel) . RT-PCR using Fzd4-specific primers demonstrated that Fzd4 mRNA is expressed in DC3 cells; it was also detected in the rat ovary and lung, as shown previously [17] , but not in CAOV3 cells (Fig. 1A, third panel) . These Fzd4 PCR products transferred to a nylon membrane were detected with a DIG-labeled Fzd4 riboprobe, confirming their authenticity (Fig. 1A, fourth panel) . RT-PCR of the housekeeping gene HPRT was performed as an internal control (Fig. 1A, fifth panel) .
A previous study has shown that Fzd4 mRNA is ubiquitously expressed in human tissues, and has an estimated transcript size of about 7.7 kb [21] . The size(s) of the Fzd4 mRNA transcript in DC3 cells was examined by Northern blot analyses using a DIG-labeled Fzd4 antisense riboprobe. The results indicate that DC3 cells express a Fzd4 mRNA transcript of approximately 7.7 kb, which was also detected in rat ovary and lung, but not in CaOV3 cells (Fig. 1B, top panel) . Reprobing the membrane with a DIG-labeled oligonucleotide probe for 18S RNA demonstrated that equivalent amounts of total RNA were loaded in each lane (Fig. 1B, bottom panel) . These results indicate that DC3 cells express an Fzd4 mRNA transcript that is similar in size to that of the rat ovary (and lung), and that the rat and human Fzd4 mRNA transcript sizes are comparable.
Wnt2 Overexpression in DC3 Cells Does Not Activate CTNNB1/TCF-Dependent Transcriptional Activity WNT2 has been shown to stimulate transcription of CTNNB1/TCF-dependent transcriptional activity from luciferase reporter constructs in several cell lines [32, 33] . Our results demonstrate that 293 cells transfected with pUSEampWNT1 or pUSEampWNT2-HA both show a 9-fold increase in CTNNB1/ TCF-dependent (pGL3-OT) transcriptional activity ( Fig. 2A) . Similar results were obtained in NIH3T3 cells, albeit to a lower (2-fold) increase (data not shown). However, DC3 cells transfected with pUSEampWNT1 or pUSEampWNT2-HA failed to elicit a pGL3-OT response (Fig. 2B) , even though lithium treatment lead to a robust activation of the pGL3-OT reporter (Fig. 2D and data not shown) . Similar results were obtained in an established porcine granulosa cell line, PGC-2 [34] (data not shown). DC3 cells transfected with a constitutively active form of CTNNB1 (S37A) or treated with lithium chloride displayed dose-dependent increases in pGL3-OT activity, indicating functional CTNNB1/TCF-dependent (pGL3-OT) transcriptional responsiveness in this cell line (Fig.  2, C and D, respectively) .
Wnt2 Overexpression in DC3 Cells Promotes Cytoplasmic and Nuclear Accumulation of CTNNB1
We next examined whether DC3 cells accumulate cytosolic nonphosphorylated (active) CTNNB1 in response to Wnt2 overexpression. DC3pUSE (P) and DC3wnt2 (W) cells were incubated for 0, 30, 60, and 90 min (Fig. 3A) or 6, 12, and 24 h (Fig. 3B ) with 20 mM of sodium chloride (À) or lithium WNT SIGNALING IN RAT GRANULOSA CELLS chloride (þ). Cytosolic fractions were prepared and analyzed by Western blot using the anti-ABC antibody. The results show that untreated (À) DC3wnt2 cells (W) exhibit higher levels of cytosolic nonphosphorylated CTNNB1 as compared with untreated (À) DC3pUSE cells (P) (Fig. 3, A and B, compare P vs. W [À]). Both cell lines respond to lithium stimulation with increases in cytosolic nonphosphorylated CTNNB1 (Fig.  3, A and B) . The relative amounts of cytosolic nonphosphosphorylated CTNNB1 in DC3pUSE and DC3wnt2 cells treated for 24 h with sodium or lithium chloride were analyzed by densitometry. The results (Fig. 3C) indicate that DC3wnt2 cells exhibit a significantly higher (about 3-fold) level of cytosolic CTNNB1 normalized to cellular beta-actin as compared to DC3pUSE cells (P , 0.05). Both cell lines show a comparable 7-to 10-fold increase in cytosolic CTNNB1 after lithium stimulation.
We next examined if Wnt2 overexpression in DC3 cells affected nuclear localization of CTNNB1. Cytosolic and nuclear fractions were prepared from DC3wnt2 and DC3pUSE cells and analyzed by Western blot using an anti-CTNNB1 antibody. Figure 3D illustrates that DC3wnt2 cells displayed higher levels of cytosolic and nuclear CTNNB1 as compared to DC3pUSE cells. Reprobing the membranes with anti-alphatubulin and anti-H3 antibodies confirms that equal amounts of cytosolic and nuclear proteins, respectively, were loaded in each lane.
Chibby Is Expressed in DC3 Cells and Interacts with Endogenous CTNNB1
That Wnt2 overexpression in DC3 cells promoted cytosolic and nuclear accumulation of CTNNB1, but did not activate CTNNB1/TCF-dependent transcription, suggested that DC3 cells express a nuclear factor(s) that inhibits CTNNB1/TCFdependent transcription. A previous study has identified CBY1 as a nuclear CTNNB1-associated antagonist of the WNT pathway that inhibits CTNNB1-mediated transcriptional activation by competing with LEF1 binding to CTNNB1 [35] . The presence or absence of Cby1 expression in DC3 cells was first Luciferase and beta-galatosidase activity was determined 48 h after transfection (or 24 h after lithium stimulation). Luciferase activity was normalized to beta-galactosidase activity, and the data are presented as a fold increase in normalized luciferase activity relative to empty vector transfected cells. Each data point represents the mean 6 SEM of three replicates. All of the experiments were repeated at least twice with similar results; an asterisk indicates a significant difference in luciferase activity compared to control (empty vector and non-lithium stimulated) cells (P , 0.05). NS, not significantly different from control.
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examined by RT-PCR using rat Cby1-specific primers on total RNA extracted from DC3, DC3pUSE, and DC3wnt2 cells. Results presented in Figure 4A demonstrate that Cby1 PCR products (149 bp) were detected in total RNA from DC3 (lane 1), DC3pUSE (lane 2), and DC3wnt2 (lane 3), as well as in the rat ovary (data not shown). Cby1 PCR products were not detected in total RNA from these samples in the absence of reverse transcription (ÀRT) (lanes 3-6) , verifying the purity (lack of genomic DNA contamination) of the RNA preparations. Western blot analysis using an anti-Cby1 antibody indicates that CBY1 protein was expressed in DC3, DC3pUSE, and DC3wnt2 cells, as well as in 293 cells (positive control), but not in NIH3T3 cells (negative control). Reprobing the membrane with an anti-alpha-tubulin antibody verified that equivalent amounts of protein were loaded in each lane.
The potential for endogenous CTNNB1 and CBY1 proteins to interact in DC3 cells was examined in DC3, DC3pUSE, and DC3wnt2 cell lysates by immunoprecipitation using an antiCby1 antibody or IgG control, followed by Western blot analysis using the anti-CTNNB1 antibody. Results shown in Figure 4C indicate that CTNNB1 was detected in DC3, DC3pUSE, and DC3wnt2 cell lysates immunoprecipitated with the anti-Cby1 antibody, but not with IgG control, confirming the interaction of CTNNB1 and CBY1 in these cells.
FIG. 3.
Wnt2 overexpression in DC3 cells increases cytosolic and nuclear accumulation of CTNNB1. A-C) Cytosolic CTNNB1: DC3pUSE (P) and DC3wnt2 (W) cells were incubated with 20 mM of either sodium chloride (À) or lithium chloride (þ) for 0, 30, 60, and 90 min (A) or 6, 12, and 24 h (B). Cytosolic fractions were prepared and analyzed by Western blot using the anti-ABC antibody, which detects only the nonphosphorylated (active) form of CTNNB1. Unstimulated DC3wnt2 cells (W) display higher levels of cytosolic nonphosphorylated CTNNB1 as compared with unstimulated DC3pUSE cells (P). Both cell lines respond to lithium stimulation with increases in the amount of cytosolic nonphosphorylated CTNNB1 (A and B) . The time course studies in A and B were repeated twice and provided similar results. C) The relative amounts of cytosolic nonphosphorylated CTNNB1 and actin in DC3pUSE and DC3wnt2 cells after a 24-h exposure to sodium or lithium in three separate experiments were analyzed by densitometry. The CTNNB1 levels were normalized to their corresponding actin levels, and the data are presented as averages (6SEM) relative to unstimulated DC3pUSE cells. An asterisk indicates a significant difference in CTNNB1/actin compared with control (empty vector and non-lithium stimulated) cells (P , 0.05). D) Nuclear CTNNB1: cytosolic and nuclear fractions were prepared from DC3, DC3pUSE, and DC3wnt2 cells and analyzed by Western blot using anti-CTNNB1 antibodies. Membranes were reprobed with anti-alpha-tubulin (cytosolic fraction) or anti-H3 (nuclear fraction) to confirm that equivalent amounts of protein were loaded in each lane.
WNT SIGNALING IN RAT GRANULOSA CELLS
Wnt2 Overexpression in DC3 Cells Stimulates Fst mRNA Expression and Inhibits Activin-Induced Cell Deletion
Our preliminary microarray analysis revealed a 2-fold increase in Fst mRNA expression in total RNA from DC3wnt2 as compared to DCpUSE cells (data not shown). Because Fst has been identified as a WNT target gene containing a putative TCF binding site in its promoter that is required for its induction [36] , we sought to further examine Fst mRNA levels in DC3wnt-2 and DC3pUSE. Real-time PCR results shown in Figure 5 demonstrate a significant 2-fold increase in Fst mRNA expression in DC3wnt2 as compared to DC3pUSE cells (P , 0.0001). FST is an activin-binding protein that antagonizes the multiple effects of activin on granulosa cell responses [37] . We therefore examined if DC3wnt2 and DC3pUSE cells displayed any differences in response to exogenous activin treatment. Figure 6 demonstrates that DCwnt2 cells were resistant to the cell deletion effects of activin on DC3pUSE control cells. These results suggest that wnt-2 stimulates Fst mRNA expression and that elevated FST levels in these cells play a role in protecting granulosa cells from the effects of activin.
DISCUSSION
WNTs are a family of secreted glycoproteins that play fundamental roles in embryonic development by regulating cellular processes, including proliferation, differentiation, migration, and apoptosis [1-3, 38, 39] . Knockout studies in mice have established that WNTs are essential for normal embryonic development of the female reproductive system [3, 8, 11, 40] . We have previously reported that Wnt2 and Fzd4 mRNAs are expressed in granulosa cells of the rat ovary in vivo [17] , suggesting that WNT2 might be involved in regulating developmental processes in the postnatal ovary. Here we examine the effects of Wnt2 overexpression in a rat granulosa cell line (DC3) [20] . We show that DC3 cells express a 7.7 kb Fzd4 mRNA transcript, which is similar in size to that detected in the rat (this study) and human [21] ovary. Our results demonstrate that Wnt2 overexpression in these cells stimulates cytosolic and nuclear accumulation of CTNNB1, but does not stimulate CTNNB1/TCF-dependent (pGL3-OT) transcription. We show that CBY1, a nuclear CTNNB1-associated antagonist of the WNT pathway [35] , is expressed in DC3 cells and associates with endogenous CTNNB1 in the presence and absence of Wnt2 overexpression, suggesting that CBY1 contributes to the suppression of CTNNB1/TCFdependent transcription in these cells. Our results also show that Wnt2 overexpression in DC3 cells increases Fst mRNA expression and promotes resistance to activin-induced cell deletion. Taken together, these results suggest that WNT2 opposes the effects of activin in granulosa cells by stimulating Fst mRNA expression in a CTNNB1/TCF-independent manner, and that granulosa cells express a nuclear factor(s) that suppresses CTNNB1/TCF-dependent signal transduction in the presence of a WNT signal.
Activation of the WNT canonical pathway leads to an increase in cytosolic CTNNB1, which enters the nucleus and interacts with TCF/LEF family transcription factors to promote specific gene expression [13, 14] . Our results showing that Wnt2 overexpression increases cytosolic and nuclear accumulation of CTNNB1 in DC3 cells are in agreement with a recent study using mouse granulosa cells, where Wnt2 overexpression led to nuclear translocation of CTNNB1 [41] . However, Wnt2 overexpression in DC3 cells does not stimulate CTNNB1/TCFdependent transcription, suggesting that granulosa cells express a nuclear factor(s) that opposes CTNNB1/TCF-mediated transcription in response to a WNT signal. One candidate for this factor is CBY1, which has been shown to inhibit CTNNB1-mediated transcriptional activation by competing with LEF1 for binding to CTNNB1 [35] . Our results showing that endogenous CBY1 and CTNNB1 proteins in DC3 cells associate with each other in the presence and absence of Wnt2 overexpression identifies CBY1 as a candidate for the suppression of CTNNB1/TCF-dependent transcription in granulosa cells. , and DC3wnt-2 cells was subjected to RT-PCR using rat Cby1-specific primers. The PCR products (149 bp) were resolved by agarose gel electrophoresis and visualized by ethidium bromide staining. B) Western blot: cell lysates prepared from DC3, DC3pUSE, and DC3wnt2 cells, as well as 293 (positive control) and NIH3T3 cells (negative control), were analyzed by Western blot using an anti-CBY1 antibody. C) Coimmunoprecipitation: cell lysates prepared from DC3, DC3pUSE, and DC3-wnt2 cells were immunoprecipitated with an anti-CBY1 antibody or IgG control. Immune complexes were analyzed by Western blot using an anti-CTNNB1 antibody as indicated.
FIG. 5.
Wnt2 overexpression in DC3 cells stimulates Fst mRNA expression. Total RNA extracted from DC3pUSE and DC3wnt2 cells was analyzed by real-time PCR using rat Fst-specific primers and Hprt as an internal control. Relative mRNA expression levels were determined using the standard curve method [27] , and data are presented as fold change (mean 6 SD) in Fst/Hprt (P , 0.0001; n ¼ 5).
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WNT/CTNNB1 signaling is required for normal development of the female reproductive system, and deregulation of wnt/CTNNB1 signaling has been implicated in ovarian cancers, including endometriod carcinomas [42] and granulosa cell tumors [43] . A recent study has shown that expression of a dominant stable form of CTNNB1 (lacking exon 3, deltaexon3) in mouse granulosa cells in vivo results in cell fate alterations and granulosa cell tumor formation [44] . That study also reported the transcriptional activation of more than 40 WNT/CTNNB1 target genes in CTNNB1 delta-exon3-expressing granulosa cells, suggesting that CTNNB1/TCF-dependent transcription is activated in this context. This is in agreement with our present results showing that expression of a different dominant stable form of CTNNB1 (S37A) in DC3 cells stimulates CTNNB1/TCF-dependent (pGL3-OT) transcriptional activity. CTNNB1-S37A is a constitutively active form of CTNNB1 that is not only resistant to ubiquitination and proteosomal degradation, but also shows enhanced affinity for LEF1 and TCF4 [45] , its DNA-binding partners in transcriptional regulation. This might explain its ability to activate CTNNB1/TCF-dependent transcription in granulosa cells in the presence of nuclear CTNNB1 inhibitory proteins, such as CBY1. Moreover, our preliminary results indicate that CTNNB1/TCF-dependent transcriptional activity is suppressed in mouse granulosa cells in vivo throughout follicular development (data not shown), suggesting that mouse granulosa cells also express a nuclear factor, such as CBY1, to safeguard against aberrant CTNNB1/TCF-driven transcription that would lead to granulosa cell tumor formation.
FST is an extracellular glycoprotein produced and secreted by granulosa cells that binds to activin with high affinity and neutralizes most of its biological actions, which include gonadal sex determination, follicular development, and luteolysis [37] . Our results showing that Wnt2 overexpression in DC3 cells stimulates Fst mRNA expression and promotes resistance to activin-induced cell deletion suggests that WNT2 opposes activin signaling in rat granulosa cells. Fst has been identified as a WNT target gene with a putative TCF binding site in its promoter that is required for its induction by WNTs in vitro [36] , and has been shown to act downstream of WNT4 during mammalian ovarian organogenesis in vivo [46] . However, our results suggest that WNT2-induced Fst mRNA expression in granulosa cells is mediated by a CTNNB1/TCFindependent mechanism.
In conclusion, our results indicate that Wnt2 overexpression in a rat granulosa cell line (DC3) leads to cytoplasmic accumulation and nuclear translocation of CTNNB1, but does not activate CTNNB1/TCF-dependent transcriptional activity in these cells, presumably due to the presence of nuclear factors, such as CBY1, that block this activity. However, Wnt2 overexpression in these cells stimulates Fst mRNA expression and promotes resistance to activin-induced cell deletion, identifying WNT2 as an intraovarian factor that opposes activin signal transduction in granulosa cells.
